Abstract-At the harsh conditions of the LHC, with proton bunches colliding every 50 ns and on average 35 proton-proton interactions per bunch crossing in 2012, the ATLAS trigger system has to be highly flexible to maintain a high and unbiased efficiency for a wide range of physics studies whilst providing a fast rejection of uninteresting events. This is especially important for hadronic jets which are not only the most common final state objects at a hadron collider but also an important signature in many physics analyses. The ATLAS jet trigger system has been supplemented with several new features in 2011, to prepare and improve its performance, especially in multi-jet topologies and for the high pile-up environments present at the increasing LHC luminosities in 2011 and 2012.
I. MOTIVATION FOR TRIGGERING ON JE TS
Collimated flows of particles arising from the hadronization of high-energy quarks or gluons -hadronic jets -are the most common final state objects which are produced at the Large Hadron Collider (LHC) at CERN. In the past two years, LHC progressively increased the luminosity for proton-proton (pp) collisions, leading to maximum values of 3.65 . 10 33 cm-2s-1 in 2011 and 7.73 . 10 33 cm-2s-1 in 2012 (as of Oct 2012). To gether with a proton bunch spacing of 50 ns, these luminosity values place stringent requirements on the Trigger and Data Aquisition (TDAQ) system of the ATLAS experiment [1] .
The TDAQ system has to be able to deal with the high event rates provided by the LHC, but it also has to select the interesting physics events with high efficiency and thereby reduce the final event rate to, on average, 400 Hz, compatible with the readout and long-term storage capability. In 2011, the ATLAS experiment recorded 5.25 fb-1 of pp-collisions at a centre-of-mass energy of 7 TeV, while in 2012, 17.3 fb-1 of data have already been recorded at VB = 8 Te V (until 29 Oct 2012). Jets are highly abundant in these collisions and provide important signatures for a wide range of analysis topics such as QCD, top quark physics, Higgs searches, searches for SUSY, exotic models, etc.
The excellent performance of the jet trigger therefore is a fundamental constituent to achieving the physics goals of the ATLAS experiment.
II. ATLAS JE T TRIGGER SYS TEM
The ATLAS trigger system is designed in three levels: Level 1 (Ll), Level 2 (L2) and Event Filter (EF), with the latter two together being referred to as Higher Level Trigger (HLT). These levels function in a seeded and stepwise manner designed to identify potentially interesting collisions V. Lang is with the Kirchhoff-Institute for Physics, Heidelberg.
and to reject uninteresting events as early as possible. L1 is a hardware-based system made from custom built electron ics which has access to reduced granularity data from the calorimeters and information from special fast-response muon trigger chambers. L2 and EF are software-based, running more sophisticated trigger algorithms on large computing farms, built from commercial PC hardware.
The jet triggers make up an important part of the TDAQ sys tem and are allocated about 25-30 % of the total bandwidth I. At Ll [2] , signals from the calorimeters are combined into trigger towers with a coverage of 0.1 x 0.1 in 6.T) x 6.¢ in the central calorimeter region, distinguished in the radial direction between the electromagnetic and the hadronic calorimeter layer. Jets are identified with a sliding window algorithm using calorimeter towers of 0.2 x 0.2 in 6.T) x 6.¢ as input, i.e. 2 x 2 trigger towers, combining towers from both the electromagnetic and the hadronic calorimeter layer. Within a fixed latency of 2.5 MS, L1 provides a decision (Level-1 accept) on the processed event, reducing the input rate from 20 MHz2 to approximately 75 kHz. Regions of Interest (RoI), containing the information about where physics objects have been identified, are defined by L1 and transferred to L2 as a seed for the L2 trigger algorithms. The RoI based trigger architecture was chosen since it restricts the data which need to be transferred from the detector readout to the L2 trigger to about 1-2 % of the total event size, thus minimizing CPU and bandwidth requirements. At L2, simplified cone algorithms [3] are run starting from the L1 seeds, using the full calorimeter granularity within a relatively large window for jets of 1.0 x 1.0 in 6.T) x 6.¢ centered on the Ll RoI. L2 reduces the trigger rate to approximately 6 kHz within a processing time below approximately 40 ms. After the reconstruction of the entire event by the Event Builder, the EF applies sophisticated offline anti-kt algorithms on topological clusters, using the entire event data and the full calibration. The EF then provides within approximately 4 s the decision which reduces the output to the final storage rate.
III. IMPROVEMEN TS OF THE JE T TRIGGER IN 2011
Two major improvements of the jet trigger system developed in 2011 are the L2 full scan (L2FS) and the full calorimeter unpacking at EF. Sixth jet E T
[GeV] For L2FS, also referred to as U.S, the full U trigger tower information with a minimum granularity of 0.1 x 0.1 in /:).TJ x /:).¢ is used to apply unseeded anti-kt algorithms at L2. The anti-kt algorithm is provided by the FastJet package [4] which is a highly efficient implementation of different jet finding algorithms, including anti-kt. Due to the similarity of the L2FS jet finding to the offline anti-kt algorithms, L2FS can recover inefficiencies of the RoI-based trigger approach, especially in multi-jet topologies and for close-by jets. These inefficiencies arise as a result of the different jet splitting and merging behaviours of the very time-constrained Ll jet algorithm compared to the iteration-oriented anti-kt algorithm. Jets from the L2FS can be used either as a seed for the RoI based algorithms at L2 or directly in the L2 trigger decision sent to the EF.
At the beginning of 2011, the full calorimeter unpacking, also referred to as EF full scan (EFFS), was implemented at EF, to provide un seeded jet finding for the offline anti kt algorithms on topological clusters. The original EF trigger design intended jet finding within RoIs seeded from L2. Since the activation of EF triggers for online event rejection in 2011, however, solely the EFFS has been used for jet finding at EF.
IV. TRIGGER EFFICIENCY, RESOLU TION AND PERFORMANCE OF L2FS
The performance and improvements of the L2 full scan with respect to the usual RoI-based L2 triggers were estimated by rerunning L2 and EF algorithms offline on data from pp collisions in 2011 with yS = 7 TeV. The trigger efficiency of the resulting Ll.S jets compared to Ll jets was investigated especially for multi-jet events. Events were preselected to pass a 4-jet trigger and contain at least 6 offline jets with ITJI < 2.8 (f) Q) .;;:: and ET > 30 Ge V. Fig. 1 presents the trigger efficiency with respect to the offline ET of the sixth jet in the event, while Fig. 2 shows the position resolution in TJ. For jet finding, a 0. 8 x 0. 8 sliding window algorithm in /:).TJ x /:).¢-space was used at Ll, while at U.S as well as offline the anti-kt algorithm with a radius parameter R = 0.4 was applied to L1 towers with either 0. 2 x 0. 2 or 0.1 x 0.1 coverage in 6. 'T} x 6.¢ (Ll.5) or to topological clusters with the full calorimeter granularity (offline). Jet finding at L2 used a 3-iteration cone with a radius parameter R = 0.4 seeded by a L1 jet. The L2FS anti-kt reconstruction improves the efficiency for multi jet topologies by about 10 %. For the position resolution, the 6. 'T} = 'T}online -'T}offtine at L1.5 achieves a significantly reduced spread compared to the L1 resolution and almost reaches the resolution of L2 jets. The offset of the Ll resolution towards positive 6. 'T} is an artefact of the position measurement as a result of the sliding window algorithm.
During heavy ion collisions at the end of 2011, Ll.5 jet triggers were tested online for the first time in order to measure the execution times of the different algorithm components. Fig. 3 shows the measured time needed for the jet finding at L1.5 when applying the anti-kt algorithm with a radius parameter of R = 0.4 to either 0. 2 x 0. 2 or 0.1 x 0.1 L1 towers. As expected, the time needed of the jet finding is enlarged with the number of input towers, but even for 0.1 x 0.1 L1 towers, the jet finding time remains well below the nominal limit for the L2 trigger of 40 ms.
As a result of the estimated gains in efficiency and resolution from 2011 pp-collision data and the good performance seen in heavy ion collisions in 2011, the L2FS was activated for data-taking of pp-collisions with Vs = 8 Te V in 2012.
V. PILE-UP AND NOISE SUPPRESSION
With the increase of luminosity in 2011 and 2012, the number of interactions per bunch crossing has increased to on average around 8 in 2011 and around 35 in 2012. A recorded event then consists of the superposition of the interesting col lision which triggers the data-readout with multiple additional pile-up interations (in-time pile-up) and furthermore signals from particles generated a few bunch crossings before or after the recorded bunch crossing (out-of-time pile-up). To gether with electronics noise, the calorimeter activity due to pile up poses a difficulty for the jet energy measurement at the different trigger levels and thus the jet trigger efficiencies.
Since May 2011, a noise suppression tool implemented at L2 and EF considers electronics and pile-up noise, in particular the out-of-time pile-up noise from signals generated before the recorded bunch crossing. The combined noise level (J = (Jelectronics + (Jpile-up is used to determine the threshold energies for the calorimeter cells considered in the jet reconstruction. At L2, a requirement on the calorimeter cell energy to be above 2· (J for calorimeter cells within the L1 RoI and within the L2 cone used in the jet reconstruction was introduced for the first time in May 2011. Together with the full calorimeter scan at EF, the noise suppression significantly improves the energy resolution and the efficiency turn-on of the jet triggers, both at L2 and EF. Fig. 4 shows the trigger efficiencies of the EF inclusive jet trigger for five different choices of energy thresholds, using the EFFS and the noise suppression at L2 and EF. Both at EF and offline, jets were reconstructed using the anti-kt algorithm with a radius parameter R = 0.4. The jet energies Trigger efficiency for an inclusive jet trigger chain (Ll-+L2-+EF) at the different trigger levels with respect to offline reconstructed jets for pp collisions in 20 II. The jet energies at the triggger are again measured at the electromagnetic scale, while offline jets have calibrated ET. The efficiencies at L2 and EF were determined once before the application of the pile-up and noise suppression and once after. The improvement due to the pile up and noise suppression is more pronounced at L2 than at EF, since the topological clusters of calorimeter cells used at EF already include some noise suppression. [5] at EF are measured at the electromagnetic scale, while offline they are corrected for the non-compensating nature of the calorimeter and are calibrated to the jet energy scale. For all five energy thresholds, the full calorimeter scan at EF and the noise suppression lead to sharp efficiency turn-ons and a plateau efficiency very close to 100 % even for the highest ET thresholds. Fig. 5 shows the trigger efficiency of an inclusive jet trigger chain (Ll---+ L2---+ EF) at the different trigger levels with respect to offline reconstructed anti-kt jets with a radius parameter R = 0.4. For the entire trigger chain, the thresholds at the different levels are tuned such that the trigger plateau is always reached at approximately the same offline jet ET. For L2 and EF, the effect of the noise suppression is clearly visible in an increased sharpness of the efficiency turn-on, and at L2, even in an increase of the ET-threshold with respect to the offline calibrated jet energy. The latter is due to the exclusion of low energy (noise) calorimeter cells in the jet reconstruction at L2. The effect of the pileup and noise suppression at EF is limited by the fact that the topological clustering at EF already includes some noise suppression.
The pile-up and noise suppression implemented in 2011 is therefore able to maintain and even improve the jet trigger ef ficiencies which is essential for the high pile-up environments present in 2011 and 2012 data-taking.
VI. JE T TRIGGER IN HEAVY ION COLLISIONS
In heavy ion lead-lead (Pb-Pb) collisions, the large number of nucleons and potential collision participants in the Pb nucleus leads to a particularly high activity in the calorime ter, imposing special challenges on object reconstruction and triggering. The more nucleons are involved in the Pb-Pb interaction, the larger is the number of created particles and the more central is the collision considered to be. This is quantified by the centrality of the interaction which describes the central or tangential nature of the heavy ion collision. In central collisions, the creation of a hot, dense medium, the quark-gluon plasma [6] , is in addition predicted by QCD. Since higher particle multiplicity leads to a higher calorimeter occupancy, as a result, a decrease of the trigger energy reso lution is expected to degrade the sharpness of the efficiency turn-on with increased centrality of the collision.
Dedicated underlying event subtraction algorithms are ap plied at the EF to compensate for the dependence of the trigger efficiency on the centrality. The energy density outside the reconstructed jets present in the calorimeter is determined for every event, taking radial and 1]-segmentation into account. The calorimeter cell energies and thus the EF jet energies are then corrected for these underlying energy densities which reduces significantly the effect of high detector occupancy on the trigger efficiency. Apart from minor refinements, this procedure corresponds to the offline procedure for underlying event subtraction whose application at EF is enabled only by the high flexibility of the trigger system. Fig. 6 shows the efficiency of the primary HLT jet trigger for heavy ion collisions in 2011 which is a Ll-+ EF trigger. The Ll seed of this trigger required E�ta l > 10 Ge V, while at EF, a jet energy of ET > 20 Ge V was required. At EF as well as offline, jets were identified using the anti-kt algorithm with a radius parameter R = 0.2. The trigger efficiencies for different values of the centrality were determined for Pb-Pb collisions with a centre-of-mass energy per nucleon of V SNN = 2.76 Te V and a data-set corresponding to an integrated luminosity of 2.4/Lb-1 . The underlying event sub traction algorithms perform so well that almost a complete independence of the trigger efficiency on the centrality of the collision is achieved. 
VII. SUMM ARY
The extensions of the ATLAS jet trigger system in 2011 -Event Filter full scan, Level-2 full scan, pile-up and noise suppression as well as dedicated underlying event subtraction in Pb-Pb collisions -have shown excellent performance during data-taking with pp and Pb-Pb collisions in 2011. These extensions provide important improvements to the jet trigger system in order to ensure a continuously high performance of the system under the high luminosity conditions in 2011 and 2012. Therefore, the improved performance especially in multi-jet events and in a high pile-up environment present an important requirement for data-taking in 2012.
